Introduction
The eukaryotic genome encodes several tubulin proteins, which belong to six distinct families: α-, β-, γ-, δ-, ε-and ζ-tubulin (McKean et al., 2001) . Dimeric α/β-tubulin is the building block of microtubules and is encoded by multiple genes (Luduena, 1998) . Thus, mammals appear to have six forms of α and seven forms of β tubulin that differ in their C-terminal or N-terminal regions, and further categorized in distinct sub-classes (Sullivan, 1988) . The relative composition of α-and β-tubulin isoforms affects the structure and function of microtubules (Lu and Luduena, 1994; Rezania et al., 2008) . Tubulin mutations and various posttranslational modifications, such as acetylation, palmitoylation, phosphorylation, polyglutamylation, polyglycylation and detyrosination also affect microtubule structure under a variety of normal or pathological conditions (Burkhart et al., 2001; Luduena, 1998; McKean et al., 2001; Sullivan, 1988) .
Although soluble α/β-tubulin is considered to be a reservoir of subunits that are available for microtubule polymerization in the cytoplasm, there are several reports supporting the presence of tubulin in the nucleus of cultured animal cells (Goo et al., 2003; Menko and Tan, 1980; Walss-Bass et al., 2002; Xu and Luduena, 2002) . Nuclear tubulin is thought to associate with chromatin (Menko and Tan, 1980) and interact in vitro with core and linker histones (Mithieux et al., 1984) .
Earlier immunocytochemical studies have indicated that βII-tubulin is the main nuclear isoform (Walss-Bass et al., 2002; Xu and Luduena, 2002) . This subtype has been suggested to modulate Notch signaling, via binding to the Notch1 receptor and C promoterbinding factor 1 response elements . Furthermore, human α3 and β1 tubulin have been identified in a nuclear complex containing, among other proteins, the nucleolar constituent fibrillarin (Yanagida et al., 2004) . It has been speculated that these tubulin forms are involved in the transport of fibrillarin-associated subcomplexes to different nuclear compartments, including the nucleolus and the Cajal bodies.
Using polyclonal antibodies, α/β-tubulin has been detected in the nucleus of MCF-7 cells and found to co-precipitate with ASC-2, a transcriptional co-activator amplified in human cancers and capable of stimulating trans-activation by numerous nuclear receptors and transcription factors (Goo et al., 2003) . Moreover, α/β-tubulin dimers co-purify with ASC-2, the Trithorax group proteins HALR and ASH2, and the retinoblastoma-binding protein RBQ-3, as an ~2 MDa complex (ASC-2 complex) (Goo et al., 2003) .
Ectopically localized microtubules and α-tubulin have been detected in subpopulations of cisplatin-treated C6 glioma astrocytes
We have investigated the subcellular distribution and dynamics of soluble tubulin in unperturbed and transfected HeLa cells. Under normal culture conditions, endogenous α/β tubulin is confined to the cytoplasm. However, when the soluble pool of subunits is elevated by combined cold-nocodazole treatment and when constitutive nuclear export is inhibited by leptomycin B, tubulin accumulates in the cell nucleus. Transfection assays and FRAP experiments reveal that GFP-tagged β-tubulin shuttles between the cytoplasm and the cell nucleus. Nuclear import seems to occur by passive diffusion, whereas exit from the nucleus appears to rely on nuclear export signals (NESs). Several such motifs can be identified by sequence criteria along the β-tubulin molecule and mutations in one of these (NES-1) cause a significant accumulation in the nuclear compartment. Under these conditions, the cells are arrested in the G0-G1 phase and eventually die, suggesting that soluble tubulin interferes with important nuclear functions. Consistent with this interpretation, soluble tubulin exhibits stoichiometric binding to recombinant, normally modified and hyperphosphorylated/acetylated histone H3. Tubulin-bound H3 no longer interacts with heterochromatin protein 1 and lamin B receptor, which are known to form a ternary complex under in vitro conditions. Based on these observations, we suggest that nuclear accumulation of soluble tubulin is part of an intrinsic defense mechanism, which tends to limit cell proliferation under pathological conditions. This readily explains why nuclear tubulin has been detected so far only in cancer or in transformed cells, and why accumulation of this protein in the nucleus increases after treatment with chemotherapeutic agents. (Krajci et al., 2006) , whereas acetylated α-tubulin has been found in intra-nuclear inclusions of neuroblastoma N2a cells overexpressing collapsing response mediator protein 2 (Gu and Ihara, 2000) . In HeLa cells, β-tubulin has been shown to colocalize with co-factor D (Martin et al., 2000) , whereas, in plants, native and GFP-tagged α-tubulin have been found to accumulate reversibly in the nuclei of cultured tobacco cells in response to low temperature (Schwarzerova et al., 2006) . Finally, in the fungus A. nidulans, tubulin levels in the nucleoplasm are differentially regulated during interphase and mitosis (Ovechkina et al., 2003) .
Taking into account all these observations, we decided to study the subcellular distribution and dynamics of soluble tubulin in unperturbed and transiently transfected HeLa cells. We have found that β-tubulin shuttles between the cytoplasm and the cell nucleus, associating specifically with components of chromatin. The functional significance of these findings and the specific mechanisms involved in the transport process are described below.
Results

Endogenous soluble tubulin accumulates in HeLa cell nuclei
Initiating this study, we compared the subcellular distribution of endogenous α/β-tubulin under normal conditions and under conditions that promote microtubule depolymerization, using immunofluorescence microscopy. When HeLa cells were incubated in the presence of nocodazole at 4 o C, α-and β-tubulin accumulated in the nucleus of most of the cells (82%) (see Fig. 1A , upper panels). However, nuclear tubulin exited the cell nucleus immediately after the cells were transferred to normal medium and cultured at 37 o C (Fig. 1A, lower panel) , indicating nucleo-cytoplasmic shuttling that probably involves diffusion-driven import and active nuclear export.
To examine whether the nuclear export of endogenous soluble tubulin depends on previously identified export machinery (e.g. exportin 1), HeLa cells that had been pre-treated with nocodazole at 4 o C were transferred to 37 o C and cultured in the presence or absence of leptomycin B (LMB). As shown in Fig. 1B , no cells exhibiting nuclear staining could be identified in the control, but tubulin was retained in the nucleoplasm of LMB-treated cells. These results suggested an involvement of exportin 1 in the regulated export of soluble tubulin.
Overexpressed GFP-βII/βIV-tubulin partition with both the cytoplasm and the nucleus We next sought to investigate the subcellular distribution of soluble tubulin using two GFP-tagged isoforms, βII-and βIV-tubulin, transiently expressed in HeLa cells. To examine whether the presence of the GFP moiety affects β-tubulin localization, we examined the behavior of the fusion proteins during mitosis. Both GFP-βIV-tubulin and GFP-βII-tubulin were efficiently incorporated into the spindle microtubules and partitioned, from early prophase to telophase, similarly to endogenous tubulin ( Fig. 2 and data not shown).
In view of this, we then examined the localization pattern of GFPtagged βII/βIV-tubulin in interphase cells. In addition to cytoplasmic staining, β-tubulin subunits accumulated, albeit at a different level, in the nucleus of transfected HeLa cells. Nuclear β-tubulin was uniformly distributed throughout the nucleoplasm, but was almost completely excluded from nucleoli (Fig. 3A) . To quantify the levels of nuclear GFP-βII-and GFP-βIV-tubulin in transfected HeLa cells, we measured the fluorescence intensity in both the cytoplasm and in the nucleus (Fig. 3B) . Interestingly, when the ratio of nuclear/cytoplasmic staining of βII-and βIV-tubulin was assessed as a function of time (Fig. 3C) , each β-tubulin subtype exhibited a distinct temporal pattern. For example, nuclear accumulation of GFP-βIV-tubulin peaked 6 hours post-transfection and steadily declined thereafter reaching a minimum at 72 hours. On the other hand, nuclear accumulation of GFP-βII-tubulin was relatively delayed, peaking 24 hours post-transfection and declining with a lower rate. These data indicate that nuclear translocation of β-tubulin is a dynamic process and depends on tubulin subtype.
Dynamics of β-tubulin in transfected cells
To assess more precisely β-tubulin dynamics, we expressed GFP-βII/βIV-tubulin in HeLa cells and performed FRAP experiments. Quantitative data summarized in Table 1 show that both tubulin subtypes were exceedingly mobile, exhibiting almost complete (~95%) recovery in less than 2 minutes. Nonetheless, cytoplasmic β-tubulin was significantly less mobile than nuclear, with recovery half-times differing almost by a factor of 2. The rapid Journal of Cell Science 122 (8) kinetics and the differences detected between the cytoplasmic and the nuclear pool were not due to photodamage and cleavage of the β-tubulin moiety from the fusion protein in the different compartments: when analogous experiments were carried out using GFP (monomeric) or RFP (oligomeric) alone, the fluorescence recovery half-times in the nucleus were significantly lower than that of the fusion proteins. Taken together, these results suggest that nuclear βII-and βIV-tubulin are probably in a soluble, yet transiently bound, form.
Nuclear export of GFP-β-tubulin is mediated by distinct NES sequences
Inspecting the sequences of βII-and βIV-tubulin, we could not identify consensus nuclear localization signals (NLSs), consistent with the idea that soluble tubulin is imported into the nucleus by passive diffusion. However, when we searched for nuclear export signals (NESs) bearing homology to the consensus motif Z-X (1-4) -J-X (2-3) -Z-X-Z [where Z corresponds to L, I or V; J corresponds to M or F; and X corresponds to any amino acid (Mirski et al., 2003) ], we could readily detect five such stretches (NES 1-5). Four of these motifs (NES 2-5) were located in the middle part of the polypeptide chain and one (NES-1) at the N-terminal end (Fig. 4A) .
To find out whether nuclear export of tubulin is mediated by these putative NESs, we constructed two forms of mutated βII-tubulin, in which Leu residues of NES-1 or NES-2 were replaced by Ala (disNES-1 and disNES-2) (Fig. 4A ). The choice of NES-1 and NES-2 was based on structural data (Lowe et al., 2001; Nogales et al., 1998) , indicating that these regions, in contrast to NES-3, NES-4 and NES-5, are located in surface-exposed loops and therefore constitute potential sites for exportin 1 binding (Fig. 4B) .
When wild-type and mutant β-tubulin were transiently expressed in HeLa cells for 3, 24 and 48 hours, we observed a significant increase in the nuclear accumulation of disNES-1, but not of disNES-2 (Fig. 4C) . The median values of the nuclear/cytoplasmic ratios ranged from 0.43-0.49 for wild type, 1.07-1.31 for disNES-1 and 0.55-0.59 for disNES-2. And, furthermore, unlike the cells that were transfected with disNES-2 or wild-type βII-tubulin, 59- 74% of the cells that overexpressed disNES-1 showed nuclear/cytoplasmic ratios higher than 1.0. From these data, it can be safely concluded that nuclear export of β-tubulin is mediated primarily by NES-1.
Disruption of NES-1 induces cell cycle arrest at G0/G1
To explore the potential role of nuclear tubulin, we investigated the effect of GFP-βII-tubulin and GFP NES-disrupted βII-tubulin mutants on cell proliferation. For these purposes, we first determined the partitioning of transfected cells in the different phases of the cell cycle. As shown in Fig. 4D , although a shift from G2-M to G0-G1 sub-population could be observed in a small percentage of cells overexpressing wild-type and disNES-2-βII tubulin, the vast majority of HeLa cells overexpressing these tubulin forms, or GFP alone, were cycling normally 24 hours posttransfection. However, cells overexpressing disNES-1 were clearly arrested in the G0-G1 phase, as indicated by the drop in G2-M figures and the significant increase of pre-S cells (Fig. 4D) . Assessment of DAPI staining intensity in cells transfected with wild type or disNES-1 and in surrounding unperturbed cells showed no changes in chromatin state (supplementary material Fig. S1 ), indicating that G0-G1 arrest is not due to global chromatin condensation and a subsequent transcriptional block. Partitioning of cells in the different phases of the cell cycle did not change significantly after 24 hours (not shown), but the number of cells overexpressing disNES-1 dropped precipitously after 72 hours in culture (8% and 63% of cells overexpressing disNES-1 and wild-type βII-tubulin, respectively). These results indicate that nuclear accumulation of βII-tubulin results in cell cycle arrest and could have detrimental consequences for cell survival.
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Tubulin interacts specifically with histone H3
Seeking a rational basis that could explain the cell cycle-arresting effects described above, we investigated the potential interactions of soluble tubulin with nuclear proteins using a blot overlay assay. When a total cell extract was probed with purified brain tubulin under stringent conditions (1 M salt), a single band could be detected in the ligand blot. This protein had an electrophoretic profile resembling that of the core histones (Fig. 5A) . To confirm that tubulin interacted with a specific histone subtype, we assayed binding to native histones purified from turkey erythrocytes. Tubulin bound exclusively to histone H3, despite the presence of the other histones and the much higher quantities of BSA and GST that were included as negative controls in the same reaction (Fig.  5A) . Moreover, tubulin bound efficiently to recombinant (nonmodified) histone H3, as well as to hyper-phosphorylated and hyper-acetylated histones H3 from HeLa cells (Fig. 5B) , suggesting that this interaction is not affected by post-translational modifications and additional negative charge. The specificity of this in vitro association was further investigated using equal quantities of immobilized recombinant histones H3/H4 and various concentrations of tubulin. As shown in Fig. 5C , binding of tubulin to H3 was saturable and dose dependent.
The association of tubulin with H3 in vivo was examined by immunoprecipitation. Using extracts from HeLa cells treated with nocodazole in the cold (to induce nuclear accumulation of tubulin as shown in Fig. 1A) , we found that tubulin specifically coprecipitates with histone H3 (Fig. 5D) . These results suggested that the interactions detected could be relevant to the nuclear localization and retention of soluble tubulin.
Soluble tubulin could prevent the histone-mediated association of HP1 with LBR
We have previously reported that histones H3 and H4 'cross-link' heterochromatin protein 1 (HP1) and lamin B receptor (LBR) forming a tight, ternary complex (Polioudaki et al., 2001) . To find out whether soluble tubulin affects the formation of this complex, we co-incubated GST-tagged HP1β and NtLBR (a water-soluble, N-terminal fragment that represents the entire nucleoplasmic domain of LBR) with recombinant H3, in the presence and absence of various amounts of purified brain tubulin. As shown in Fig. 6A , recombinant H3 bound to HP1β, but this association was almost completely inhibited when H3 and HP1 were co-incubated with tubulin. The same occurred with the two other HP1 variants (α and γ) when this assay was repeated (data not shown). Although tubulin did not bind directly to either GST or HP1 proteins (Fig. 6B) , a small amount of this protein, probably associated with H3, was coprecipitated with the complex (Fig. 6A) . Finally, tubulin inhibited the association of recombinant histone H3 with NtLBR in a dosedependent fashion (Fig. 6C) .
To examine the effect of tubulin on the formation of the HP1-H3/H4-LBR complex, we used GST-tagged NtLBR, His-tagged-HP1β and purified histones H3/H4. By means of pull-down assays, we could then show that H3/H4 bind to immobilized NtLBR, and that this sub-assembly associates with His-HP1β to form a quaternary complex. Incubation of the NtLBR-H3/H4 sub-complex with tubulin, prior addition of His-HP1β to the incubation mixture, prevented the association of His-HP1β with the sub-complex (Fig.  6D) . Thus, tubulin seems to inhibit binding of H3 to HP1 and LBR, not allowing the formation of the corresponding multi-component assembly.
Discussion
Prompted by the fact that many cytoplasmic and focal adhesion proteins are frequently found in the cell nucleus, we have investigated the subcellular distribution and dynamics of soluble tubulin. Results presented here reveal that (at least βII/IV) tubulin shuttles in and out the nucleus using an unusual method of nucleocytoplasmic transport: passage through the straits of the nuclear pore complex is accomplished by passive diffusion, whereas exit from the nucleus proceeds via a constitutive export system. β-Tubulin possesses at least one functional NES (NES-1) that seems to be recognized by exportin 1. When this signal is disrupted, soluble subunits accumulate in the nucleus and cell cycle progression is inhibited. This cell cycle arresting effect clearly suggests that nuclear accumulation of β-tubulin, which does not occur under normal circumstances, is a process of pathophysiological significance and may represent a defense mechanism against stress or malignant transformation. In that respect, it is interesting to note that GFPtagged α-tubulin accumulates reversibly in nuclei of cultured tobacco cells, in response to low temperature (Schwarzerova et al., 2006) , whereas nuclear β-and γ-tubulin have been so far detected primarily in cancer or transformed cells (Lesca et al., 2005; WalssBass et al., 2002; Xu and Luduena, 2002; Yeh and Luduena, 2004; .
Our findings echo results previously reported for other cytoplasmic and cytoskeletal proteins, such as the NAD+-dependent deacetylase SIRT2 [which, interestingly enough, acts on tubulin (see North and Verdin, 2007) and on actin (Wada et al., 1998) ], that shuttle between the nucleus and the cytoplasm. Actin has been detected in the nucleus of HeLa cells upon stable transfection with GFP-β-actin, or microinjection with rhodamine conjugated β-actin (McDonald et al., 2006) and has been shown to accumulate in this compartment under various stressful or pathological conditions [e.g. treatment with DMSO, heat shock, ATP depletion, cellular senescence and intra-nuclear rod myopathy (Vartiainen, 2008) ]. As in the case of soluble tubulin, the subcellular distribution of monomeric actin is regulated by constitutive nuclear export and involves two Leu-rich-type NESs. Disruption of these motifs results in nuclear accumulation and decreases significantly the proliferative potential of the cells (Wada et al., 1998) .
The passive diffusion of α/β-tubulin, a complex of 110 kDa, through the nuclear pore complex can be explained by 'dilation' of the pore gate. It has been previously reported that the functional size of the central channel is variable and depends on the physiological state of the cells. Thus, the upper limit for nuclear import in normal proliferating BALB/c 3T3 cells is ~250 Å, whereas in quiescent populations, this value is decreased by some 100 Å (Feldherr and Akin, 1991) or increased about 40 Å (Feldherr et al., 1992) . Changes of this magnitude could alter significantly the transport rates of large mRNP particles, ribosomal subunits or cytoplasmic proteins.
Our results suggest that chromatin is a potential target of nuclear tubulin. As tubulin has been found to interact with HALR/ALR and ASC-2 in the ASCOM complex (Goo et al., 2003) , it is very likely that recruitment of ASCOM to target DNA response elements could be facilitated, or reinforced, by the strong binding of tubulin to histone H3. Tubulin-histone H3 interactions may also affect nuclear organization in a more direct way. A significant proportion of heterochromatin is localized at the periphery of the cell nucleus and maintains a close spatial association with the inner nuclear membrane (Bridger and Bickmore, 1998; Carvalho et al., 2001 ). This spatial association reflects a multiplicity of interactions between chromatin proteins (e.g. heterochromatin protein 1-HP1, BAF) and elements of the nuclear envelope (Georgatos, 2001) . Under in vitro conditions, HP1 forms a tight complex with the inner nuclear membrane protein LBR and two of the core histones, H3 and H4 (Polioudaki et al., 2001) . Moreover, all three variants of this protein (α, β, γ) target the nuclear periphery when injected into living cells and bind to isolated nuclear envelope/peripheral heterochromatin (NEPH) fractions isolated from turkey erythrocytes (Kourmouli et al., 2000) . This association is potently inhibited by soluble tubulin , which, as shown here, inhibits binding of histone H3 to HP1 and LBR, and prevents the formation of the HP1-histone-LBR complex. In this capacity, soluble tubulin may therefore represent an important 'switch' that regulates nuclear envelope-chromatin interactions during the cell cycle.
Accumulation of soluble tubulin in the nucleus does not cause a visible global change in chromatin condensation (this study). Therefore, potential changes in the gene expression program Journal of Cell Science 122 (8) resulting from 'uncoupling' of peripheral heterochromatin from attachment sites arranged at the inner nuclear membrane should be mechanistically distinct from those resulting from chromatin remodeling and unfolding. Clearly, more work is needed to understand whether disruption of the LBR-HP1-histone complex affects the transcriptional machinery, especially in loci that exhibit a peripheral nuclear localization and are positioned either near the nuclear lamina or at the gates of the nuclear pore complex.
Materials and Methods
Cell culture and treatments
The cervical adenocarcinoma cell line (HeLa) was obtained from the American Type Tissue Culture Collection (Manassas, VA) and maintained at 37 o C in a humidified atmosphere containing 5% CO 2 . HeLa cells were cultured in Dulbecco's MEM (Biochrom, Berlin, Germany), supplemented with 10% heat-inactivated fetal bovine serum, penicillin and streptomycin. To depolymerize microtubules, the cells were incubated at 4 o C for 4 hours in the presence of nocodazole (33 μM for the first hour and 0.33 μM for the next three hours). To study the effect of leptomycin B (LMB) on the subcellular localization of endogenous tubulin, cells that had been pre-treated in the cold with nocodazole as described above were incubated for another 24 hours at 37 o C in culture medium supplemented with 0.33 μM nocodazole, with and without 10 nM LMB.
Plasmid constructions and transient transfections
cDNA clones encoding HB9 (class βII-) and HB2 (class βIV-) human tubulin were obtained from RZPD (Accession Numbers BC055441 and BC019829, respectively). Plasmids expressing wild-type human βII-and βIV-tubulin fused with the Enhanced Green Fluorescent Protein at their N terminus were constructed by PCR amplification using 5Ј and 3Ј primers specifically designed to allow the cloning of the amplified fragments into the mammalian expression vector pEGFP-C1 (Clontech) through the EcoRI and SacII sites. β-II-tubulin mutants disNES-1 and disNES-2 were constructed by overlap extension PCR (Ho et al., 1989) . The sequences of all primers used in the PCR amplifications are shown in supplementary material Table S1 . All mutant βII-tubulin cDNAs were sequenced for verification and found to contain the proper mutation. Transient transfections were performed using the calcium phosphate coprecipitation method. HeLa cells were plated in 6-well plates at a density of 10 5 cells/well the day before transfection and each well received a total of 3 μg of plasmid DNA.
FRAP
Fluorescence recovery after photobleaching (FRAP) assays were performed in a Leica laser scanning confocal microscope using suitable software and the 488 nm line of an Argon laser. Transfected cells were grown on special Petri dishes with coverslips attached and visualized in phenol-free culture medium buffered with HEPES-KOH. FRAP was performed employing a 1 μm spot bleach (either in the cytoplasm or in an area of the nucleoplasm exhibiting diffuse fluorescence) with a triple-bleach pulse of 208 mseconds. Bleaching was activated after taking 50 prebleach images. Fivehundred to 1000 images (256 by 256 pixels) were collected at a rate of 5 frames/second at low laser power (1.5-5.0% of the maximum value). Fluorescence recovery was monitored for until plateau was reached (several minutes in some cases). For normalizing the data, we always corrected for fluorescence quench and recovery observed in the entire cell and in the background.
Immunofluorescence and confocal microscopy
Indirect immunofluorescence was performed as described previously (Theodoropoulos et al., 1999) . Briefly, cells grown on coverslips were washed with PBS, fixed in 4% formaldehyde for 10 minutes at room temperature and permeabilized with Triton X-100. Fixed cells were incubated in blocking buffer [phosphate-buffered saline (pH 7.4), 0.5% Triton X-100 and 1% fish skin gelatin] and stained with primary and secondary antibodies for 45 minutes. The primary antibodies used included anti-α-and anti-β tubulin monoclonal antibodies, obtained from Sigma (St Louis, MO) and an anti-lamin B polyclonal antibody (Simos and Georgatos, 1992) . Several secondary antibodies were used, including anti-rabbit and anti-mouse immunoglobulins conjugated to FITC or Alexa 555. Chromatin was decorated by the DNA-binding dye Topro.
Quantification of fluorescence intensity
To evaluate nuclear accumulation of GFP-tagged tubulin isoforms, we measured the fluorescence intensity of selected circular areas incorporating 200 pixels in both the nucleus and the cytoplasm of each cell, using a purposely developed MATLAB (The Mathworks, MA, USA) script. Results were expressed as ratios of nuclear/cytoplasmic fluorescence intensity.
Cell cycle analysis
Cells were trypsinized, washed with PBS and fixed consecutively with 1% formaldehyde for 1 hour at 4 o C and 70% ethanol (in PBS) for an additional hour at 4 o C. For DNA staining, fixed cells were resuspended in PBS containing ribonuclease A and propidium iodide (PI) at final concentration of 100 and 40 μg/ml, respectively, and incubated at 37°C for 30 minutes in the dark. Experiments were performed in triplicate and samples were analyzed by flow cytometry using an Epics Elite flow cytometer (Coulter, Miami, FL) . Cell cycle analysis of GFP stained cells was carried out using WinMDI software (Windows Multiple Document Interface for Flow Cytometry).
Preparation of proteins
Tubulin was obtained from a 100,000 g pig brain supernatant by two cycles of assembly-disassembly and further purified by phosphocellulose chromatography (P11, Whatman) in column buffer [25 mM PIPES (pH 6.9), 1 mM EGTA, 0.5 mM MgSO 4 ] containing 1 mM Mg-GTP, 1 mM DTT and protease inhibitors. Native histones were extracted from turkey erythrocyte nuclei, isolated as specified previously (Georgatos and Blobel, 1987) , with 0.2 M H 2 SO 4 , and precipitated with eight volumes of cold acetone. Histone pellets were dissolved in distilled water and stored at -80 o C. Histones H3 and H4 were isolated from turkey erythrocyte nuclei by ion-exchange chromatography. Alternatively, hyperphosphorylated and hyperacetylated histones were isolated from cultured cells. To this end, HeLa cells were treated either with 100 μM Taxol (Bristol-Meyer Squibb Company) or 1 mg/ml trichostatin A (TSA) for 20 hours, to induce mitotic phosphorylation and hyperacetylation, respectively. Glutathione S-transferase (GST), fused proteins, His 6 -tagged HP1β and recombinant histones H3 and H4 were expressed in BL21 (DE3) cells and purified from lysates according to standard procedures.
Blot overlay assays
Proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes and incubated overnight at 4 o C with blocking buffer [20 mM Tris-HCl (pH 7.4), 155 mM NaCl, 0.1% Tween-20, 1% gelatin]. Then, the membranes were incubated with the 'probe' (tubulin; 3 μg/ml in a typical assay) in overlay buffer [20 mM Tris-HCl (pH 7.4), 600 mM NaCl, 0.1% Tween-20, 1% gelatin) at room temperature for 1 hour and washed five times with the same buffer. After incubation with anti β-tubulin (clone TUB2.1, Sigma) antibodies, blots were washed five times and processed for ECL. Band intensities were quantified by PC-based Image Analysis (Image Analysis, Ontario, Canada).
Pull-down assays
GST fusion proteins (NtLBR-GST, HP1α-GST, HP1β-GST, HP1γ-GST or GST alone; 30 μg) were incubated for 30 minutes at room temperature with 30 μl of glutathionesepharose 4B beads (GE Healthcare Bio-Sciences, Piscataway, NJ) in 150 mM NaCl buffer ST [20 mM Tris-HCl (pH 7.5), 250 mM sucrose, 2 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT, 1 mM PMSF, protease inhibitors, 1% Triton X-100]. After washing three times with the same medium, the beads were combined with different proteins and further incubated for 1 hour at room temperature. In the experiments shown in Fig.  6 , HP1-GST beads were incubated in 150 μl 500 mM NaCl ST buffer with 15 μg of recombinant H3 in the absence or presence of 5 μg and 15 μg purified tubulin (Fig.  6A) . In control experiments, HP1-GST and GST beads were incubated in 150 μl 500 mM NaCl ST buffer with 15 μg of purified tubulin (Fig. 6B) . NtLBR-GST beads were combined in 200 μl 300 mM NaCl ST buffer with either 15 μg of recombinant H3 in the absence or the presence of 5, 15, 30, 50 and 100 μg of purified tubulin (Fig. 6C ) or 30 μg of purified turkey H3/H4 (Fig. 6D) . The complex NtLBR-H3/H4 was then incubated in 500 μl 300 mM NaCl ST buffer with 45 μg His-HP1β or 150 μg tubulin, and 45 μg His-HP1β was added sequentially (Fig. 6D) . The beads were washed five times with buffer ST before eluting the bound proteins with hot Laemmli buffer.
Immunoprecipitation and immunoblotting
HeLa cells grown on Petri dishes were incubated at 4 o C for 4 hours in the presence of nocodazole (33 μM for the first hour and 0.33 μM for the next 3 hours) to depolymerize microtubules and induce nuclear accumulation of α,β-tubulin (see Fig.  1 ). Cells were extracted with lysis buffer [50 mM HEPES (pH 7.5), 140 mM NaCl, 0.1% deoxycholate, 1% Triton X-100, 0.5 mM PMSF and protease inhibitors] for 10 minutes on ice. After sonication, the supernatant was clarified (12,000 g, 10 minutes, 4 o C), pre-absorbed on G-sepharose beads (GE Healthcare Bio-Sciences) and incubated with or without anti α-tubulin monoclonal antibodies (Sigma Chemical Co), overnight at 4 o C. The immune complexes were incubated with G-sepharose beads for 1.5 hours at 4 o C, recovered by centrifugation (3000 g, 2 minutes, 4 o C), washed seven times with lysis buffer and solubilized in TrueBlot ULTRA (eBioscience, San Diego, CA) hot sample buffer. Samples were electrophoresed on SDSpolyacrylamide gels and transferred on nitrocellulose membranes. Then, they were immunoblotted with mouse anti α-tubulin (Sigma Chemical Co., 1:500) or goat anti H3 (Santa Cruz, CA, 1:300) primary antibodies and incubated with horseradish peroxidase-conjugated anti-mouse (GE Healthcare Bio-Sciences, 1:10,000) or antigoat (Sigma, 1:1000), respectively. Because tubulin and heavy chains of IgG have the same electrophoretic mobility, we performed immunoblotting using TrueBlotTM ULTRA (eBioscience) as specified by the supplier. This procedure enabled detection of tubulin, without hindrance, by interfering immunoprecipitating Ig heavy and light chains. Signals were visualized by enhanced chemiluminescence (ECL kit, GE Healthcare Bio-Sciences).
